Performing a multiscale assessment of water resource vulnerability on the basis of political boundaries and watersheds is necessary for adaptive water resources management. Using the Risk-Exposure-Sensitivity-Adaptability model (RESC model), the water resource vulnerability of the Huai River Basin was assessed using four scales, namely, Class II, Class III, Province-Class II, and Municipality-Class III WRR (Water Resources Region). Following this, the spatial heterogeneity of the vulnerability of the above four scales was evaluated with the Theil and the Shannon-Weaver index. The results demonstrate that, instead of moving towards convergence, water resource vulnerability presents different grades which change together with the change in scale, and in turn, tend to weaken from east to west. Of the four scales, the scale of Municipality-Class III WRR shows the most significant spatial diversity, whereas that of Class II WRR shows the least diversity. With spatial downscaling, the vulnerability demonstrates high spatial heterogeneity and diversity. Herein, an innovative cross-scales vulnerability assessment is proposed and the RESC model characteristics and uncertainties as well as the employment of cross-scale water resource vulnerability are discussed.
Introduction
Water resource vulnerability is an important topic at the forefront of hydrology and water resource research areas. In the late 1960s, as representative research on this topic, Albinet and Margat [1] proposed the concept of groundwater vulnerability. Other studies soon followed, focusing on such topics as the losses caused by water shortage [2] , the degree of damage or adverse effects caused by climate change [3] , water pressure [4] , the ratio of water intake to water availability [5] , freshwater criticality [6] , and the propensity or predisposition that is adversely affected by diverse historical, social, economic, political, cultural, institutional, natural resource, and environmental conditions and processes [7] among others. Determining water resource vulnerability is important as it not only affects the actual capacity to protect water resources but also has an important influence on other related systems.
Vulnerability assessment results are very important for water resource utilization and management [8] . However, facing the uncertainty scale or principle [9, 10] , identifying the appropriate scale or the vulnerability pattern for the water resource management requirement is important. Just as The Huai River Basin is a first-class water resources region (Class I WRR). Class III WRRs are generated in consideration of the convenience of water analysis and calculation. Meanwhile, Class II WRR is the union of all the sub-basins next to each other and shares similar development characteristics and utilization of water resources as in the Class III WRRs. The total area of the Huai River Basin is approximately 2.69 × 10 5 km 2 and includes four Class II WRRs. These four Class II WRRs are the Upper Huai River (UHR), Middle reaches of the Huai River (MHR), Lower reaches of the Huai River (LHR), and Yi-Shu-Si River (YSSR) (Figure 1b ), which account for 11.4%, 47.9%, 11.4%, and 29.3% of the total area of the Huai River Basin, respectively. The average water resource of this basin is approximately 7.99 × 10 10 m 3 /year, comprising just 2.9% of the total water resources in China. However, this basin supplies water for 12.5% of the national population and contributes to 7.6% of the industrial production in China. The amount of water resources in the UHR and MHR is enough to cover the demand. Additional details are presented in Table 1 . 
Data
We obtained monitoring data of surface water capacity, water resource quantity, average water resource quantity, water consumption, gross domestic product (GDP), and the population based on Class II WRRs, Class III WRRs, Province-Class II WRRs, and Municipality-Class III WRRs from the Huai River Water Resources Bulletin and the Integrated Planning of Water Resources in Huai River Basin. The average temperature and precipitation from 1961 to 2006 on the scale of 0.5° × 0.5° were The Huai River Basin is a first-class water resources region (Class I WRR). Class III WRRs are generated in consideration of the convenience of water analysis and calculation. Meanwhile, Class II WRR is the union of all the sub-basins next to each other and shares similar development characteristics and utilization of water resources as in the Class III WRRs. The total area of the Huai River Basin is approximately 2.69 × 10 5 km 2 and includes four Class II WRRs. These four Class II WRRs are the Upper Huai River (UHR), Middle reaches of the Huai River (MHR), Lower reaches of the Huai River (LHR), and Yi-Shu-Si River (YSSR) (Figure 1b ), which account for 11.4%, 47.9%, 11.4%, and 29.3% of the total area of the Huai River Basin, respectively. The average water resource of this basin is approximately 7.99 × 10 10 m 3 /year, comprising just 2.9% of the total water resources in China. However, this basin supplies water for 12.5% of the national population and contributes to 7.6% of the industrial production in China. The amount of water resources in the UHR and MHR is enough to cover the demand. Additional details are presented in Table 1 . 
We obtained monitoring data of surface water capacity, water resource quantity, average water resource quantity, water consumption, gross domestic product (GDP), and the population based on Class II WRRs, Class III WRRs, Province-Class II WRRs, and Municipality-Class calculated by using the method from the China Meteorological Administration [26, 27] Many studies have focused on the assessment of water resource vulnerability. The connotation based on the early studies shows that vulnerability is a function of water pressure [4] , the ratio of water intake to water availability [5] , the loss or damage caused by water shortage [2] or climate change [3] , and the propensity or predisposition that is adversely affected by other factors [7] , etc. Hence, the main methods to assess the vulnerability are the single index or a set of indexes. However, water resource vulnerability is not only affected by the actual capacity of the water resources system, but also by other related systems. Therefore, given that the traditional or previous approach has been unable to examine the physical mechanism and interaction of water with society, a more accurate method and an assessment approach are required.
Based on discussions concerning the vulnerability connotation, several problems were identified in examining water resource vulnerability. These problems include the uncertain physical mechanism resulting in water resource vulnerability, the outdated research method, and the uncovered interaction mechanism between vulnerability and adaptive management. According to the Special Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation (SREX), the vulnerability could be linked with the water stress indicator with adaptation/resilience (C(t)), climate change or climate events, Exposure(E(t)) and risk (R(t)) [7] . The assessment concerns an examination of the interactions among climatic, environmental, and human factors that can lead to impacts and disasters, and an exploration of options for managing the risks posed by such impacts and disasters.
The current paper addresses issues on water resource vulnerability and provides a vulnerability assessment model based on vulnerability connotation. The nature and severity of impacts brought about by climate change depend not only on the changes themselves but also on exposure and resilience (adaptation). In this study, the adverse impacts of water scarcity under climate change are considered, especially when they produce widespread damage and cause severe alterations in the normal functioning of communities or societies. Vulnerability is influenced by a wide range of factors, including the probability of natural disasters, exposure, resilience, and sensitivity ( Figure 2 ). Vulnerability is used to evaluate the influence of natural climate change, which can contribute to the water guarantee system, as well as the exposure and adaptation of human society and natural ecosystems to the impact of changes. Adaptation to climate change can reduce exposure and vulnerability to climate change as well as increase resilience to the risks that cannot be eliminated.
Vulnerability is expressed as a function of disaster risk RI(t), drought exposure E(t), sensitivity S(t), and adaptability C(t) of the water resource system in this paper. And the assessment approach that is linked with RI(t), (E(t)), C(t), and S(t) is named as the Risk-Exposure-Sensitivity-Adaptability model (RESC model). This is expressed as
where V(t) is the water resource vulnerability at time t; RI(t), E(t), S(t), and C(t) are the disaster risk, drought exposure, sensitivity, and adaptability of the water system at time t, respectively; RI(t) is the probability of drought disaster; E(t) is a factor integrating the drought tendency and its influence on people and economic behaviors; and C(t) is related to adaptation strategies, including integrated management levels, socioeconomic capacity and the scientific technical knowledge required to handle water issues. In addition, S(t) indicates the sensitivity of the water system to climate change, β 1 , β 2 , β 3 and β 4 represent the assembled parameters of S(t), C(t), E(t), and RI(t) respectively. normal functioning of communities or societies. Vulnerability is influenced by a wide range of factors, including the probability of natural disasters, exposure, resilience, and sensitivity ( Figure 2 ). Vulnerability is used to evaluate the influence of natural climate change, which can contribute to the water guarantee system, as well as the exposure and adaptation of human society and natural ecosystems to the impact of changes. Adaptation to climate change can reduce exposure and vulnerability to climate change as well as increase resilience to the risks that cannot be eliminated. Illustration of the core concepts of water resource vulnerability coupled with water stress probability, exposure, resilience and elasticity of water resources to climate change. The paper assesses how exposure and resilience to climate events determine impacts; evaluates the influence of climate change in contributing to water stress, as well as the exposure and resilience of water resources; and considers the role of guarantee ability and adaptation to climate change in reducing exposure and water scarcity to climate change. Illustration of the core concepts of water resource vulnerability coupled with water stress probability, exposure, resilience and elasticity of water resources to climate change. The paper assesses how exposure and resilience to climate events determine impacts; evaluates the influence of climate change in contributing to water stress, as well as the exposure and resilience of water resources; and considers the role of guarantee ability and adaptation to climate change in reducing exposure and water scarcity to climate change.
The sensitivity of the water system to climate change can be measured using many methods [28] . Here a revised two-parameter climate elasticity of stream flow index (e P,∆T ) proposed by Chen et al. [29] based on Fu's index [28] is employed. The equation is expressed as
where R P,∆T is the stream flow; P P,∆T is the precipitation under temperature change; P, T, and R m represent the average precipitation, temperature, and prediction of stream flow, respectively; and dR P,∆T refers to the average change in runoff with precipitation and temperature change. When the long-term hydrology situation was considered, a runoff function based on water balance could be employed to estimate the mean annual runoff (R m ) to P and T [29, 30] . This function is given by
As in earlier studies, when future climate conditions fall within the climate range condition of the historical data, dR P,∆T can be obtained from the stream flow-precipitation-temperature interpolated surface [28] . However, the prediction based on historical records is not so reliable because the future climate condition is beyond the historical range by taking account of climate change aggravated by human activities, e.g., greenhouse gas emission and growing population [30] . Hence, following the method presented by Fu et al. the Gardner function, described below, is employed to calculate dR P,∆T dR P,∆T = exp(−
where E P , T K , dP, and dT K are the mean annual potential evapotranspiration (mm), the temperature in Kelvin, and the changes in precipitation and temperature, respectively. As previously presented by Holland [30] , the method to calculate E P only needs the mean annual temperature, and is given by
Here, elasticity presents the sensitivity of the water system to climate change. As the rate range is (∞, +∞), we need to convert the range of e P,∆t into [0,1] for comparison with the following equation: Water adaptability is recognized as the ability to face water resource stress, and is a function of integrated socio-economic capacity as well as scientific, technical and management levels. C(t) can be determined by using the links between population (P H ) driven by water stress or "water crowding" (P H /Q: population per water unit), water-use driven mobilization level (r: use-to-availability as a percentage of water availability), and per capita available water resources ((Q − Q E ) µ /P H : available water resources in cubic meters per capita per year). Hence, C(t) can be calculated using the equation
where Q E is the ecological water demand for the ecological system, µ is the criterion compliance rate that can be calculated with the ratio of river length to water quality required for all the river length. Meanwhile, the per capita water use (W/P H : water intake in cubic meters per capita per year) in Xia's research is enhanced with the per capita available water resources in this manuscript. The probability of drought disaster (RI(t)) is the measure of the likelihood that water scarcity will occur, and is quantified as a number between 0 and 1 (where 0 indicates impossibility and 1 indicates certainty). The higher the probability of the disaster risk, the more certain we are that water scarcity will occur. This also refers to the likelihood over a specified time period of severe alterations in the normal functioning of a community or a society as a result of hazardous physical events interacting with vulnerable social conditions, thereby leading to widespread adverse human, material, economic, or environmental effects that require immediate emergency response to satisfy critical human needs [7] . However, this paper only takes the disaster risk as the probability that is numerically described by the number of water scarcity outcomes divided by the total number of all outcomes as expressed by
where P(X i ) is probability, X i is the drought disaster, F is the set of drought disaster, m is the number of drought disaster outcomes and n is the total years of statistics. Exposure refers to the presence (location) of people, livelihood, environmental services and resources, infrastructure, or economic, social, or cultural assets in places that could be adversely affected by physical events, which may be subject to potential future harm, loss, or damage [7] . This definition subsumes environment, resources, human welfare, security, and economical services. Here, we subsume the component of exposure under drought disaster, and define the people (P h ), gross domestic product (GDP), and the area (A) suffering the drought damage (DI). Other relevant and important interpretations and uses of exposure are not discussed here. Exposure is calculated using the equation
where → DI is the trend of drought and its spatial extent. In the RESC model, the parameters can be calculated by using Equations (2)- (9), respectively. However, this is insufficient for the vulnerability calculation as the assemble parameters are not settled. Here, we model the values of β 1 , β 2 , β 3 and β 4 by using the regression method. We define the threshold values for water crowding as follows: 1000 persons/(million·year) represents the state of water scarcity, 501-1000 persons/(million·years) represents the state of water stress, 101-500 persons/(million·years) represents a condition under water management problems, and less than 100 persons/(million·years) represents the state of water surplus [31] . Then, we set water use to 20%, 40%, and 70% of water availability as weak, mid-rate, strong development states, respectively. According to normal knowledge, the vulnerability in the 1960s was not fragile, and only became so in the 1980s. Thus, we set 0.1, 0.4 as the vulnerability background value. Then, we set the vulnerability of the Yangtze under a similar climate condition for comparison. In the end, the values of β 1 , β 2 , β 3 and β 4 are modeled as 0.4292, 0.5761, 0.279 and 0.13 respectively.
Water resource vulnerability can be graded into five groups to judge the quality, and the given grades indicate how good or bad it is. In this manuscript, I, II, III, IV, and V are used to indicate not fragile, weakly fragile, moderate fragile, strongly fragile, and extremely fragile conditions, respectively. Additionally, Class III is classified further into three subclasses to obtain more information. The grades of water resource vulnerability are shown in Table 2 below. Table 2 . Classification of water resource vulnerability (V(t)).
V(t)
Class Subclass Description
Heterogeneity Assessment of Water Resource Vulnerability
Multiscale Design Study
Multiscale assessment addresses challenges coming from multiscale phenomena across the organizational, temporal, and spatial scales. In this manuscript, water resource vulnerability in the Huai River Basin was assessed from physical system boundaries and complex man-made system boundaries.
• Water Resources Regions (WRRs): They contain different classes, essentially considered as river basins or groups of basins, and were most commonly used as large-scale watershed-based regions in past studies. In this paper, the WRR mainly refers to the Class I WRRs: the Huai River Basin.
• Class II WRRs: These comprise a naturally defined system under the scale of Class I WRRs, and commonly present the upper, middle, lower, and the main branch of the total basin. Class II WRRs are either large river basins or contiguous smaller basins with common characteristics.
• Class III WRRs: These are used as fine-scale watershed-based regions that are affected by artificial plant systems or natural boundaries between different agriculture irrigation systems, which change the storage and through-put of the surface flow.
In this study, the sub-basin below the total basin, such as Class II and Class III WRRs, was selected. In addition, the across spatial scales, such as Province-Class II WRR and Municipality-Class III WRR scales, which are produced by using the province and municipality boundaries to clip Class II WRR and Class III WRR boundaries, respectively, were chosen as the scales for vulnerability assessment. Finally, 4 Class II WRR units, 13 Class III WRR units, 12 Province-Class II WRR units, and 76 Municipality-Class III WRR units are presented for the water resource vulnerability assessment and heterogeneity analysis ( Figure 3 ).
Quantification of Heterogeneity
Except for the digital map, quantitative methods (e.g., the Theil index and the Shannon-Weaver index) have been reported as appropriate tools to measure spatial differences [13] . In this study, the Theil index below is used to analyze spatial differences in multiscale water resource vulnerability
where n is the basin/area partition number, V i is the share of the ith partition in the basin/area, and d i is the share of the ith partition in the total basin/area. The Shannon-Weaver index has been proven to efficiently assess the diversity of vulnerability (H) [13] employed in this study 
where n is the basin/area partition number, Vi is the share of the ith partition in the basin/area, and di is the share of the ith partition in the total basin/area. The Shannon-Weaver index has been proven to efficiently assess the diversity of vulnerability (H) [13] employed in this study
Results

Water Resource Vulnerability of Class II and Class III WRRs
Water resource vulnerability of the Class II WRRs ( Figure 4a ) and Class III WRRs ( Figure 4b ) are calculated based on the data obtained on the average water resource quantity, precipitation, and temperature recorded from 1956 to 2000. At the Class II WRR scale, water resource vulnerability increases from the west to the east; the vulnerability of the UHR is lower than that of MHR, which in turn is lower than that of YSSR. The LHR River is the most vulnerable among the four WRRS. The vulnerability of Class III WRRs is obviously different from that of Class II WRRs. Five vulnerability grades are included in the Class III WRR scale, two more than the number of vulnerability classes of the Class II WRR scale ( Figure 4) . Meanwhile, the vulnerability of the Class III WRR scale spans from II-IV, two grades more than that of Class II WRR scale. At the Class II WRR scale, the units of MHR, YSSR, and LHR face a serious vulnerability situation. This is inaccurate and not intuitive; thus, it cannot be used for water management. However, the vulnerability distribution from the west to the east at the Class II WRR scale is still evident at the Class III WRR scale. Thus, Figure 4b is more useful than the Class II WRR results as the former shows the extremely vulnerable areas, namely, I and J. Moreover, some moderately fragile 2nd grade areas are separated from the moderately fragile 1st grade areas at the Class II WRR scale, such as D and F. 
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Water Resource Vulnerability of Class II and Class III WRRs
Water resource vulnerability of the Class II WRRs (Figure 4a ) and Class III WRRs (Figure 4b ) are calculated based on the data obtained on the average water resource quantity, precipitation, and temperature recorded from 1956 to 2000. At the Class II WRR scale, water resource vulnerability increases from the west to the east; the vulnerability of the UHR is lower than that of MHR, which in turn is lower than that of YSSR. The LHR River is the most vulnerable among the four WRR S . The vulnerability of Class III WRRs is obviously different from that of Class II WRRs. Five vulnerability grades are included in the Class III WRR scale, two more than the number of vulnerability classes of the Class II WRR scale (Figure 4) . Meanwhile, the vulnerability of the Class III WRR scale spans from II-IV, two grades more than that of Class II WRR scale. At the Class II WRR scale, the units of MHR, YSSR, and LHR face a serious vulnerability situation. This is inaccurate and not intuitive; thus, it cannot be used for water management. However, the vulnerability distribution from the west to the east at the Class II WRR scale is still evident at the Class III WRR scale. Thus, Figure 4b is more useful than the Class II WRR results as the former shows the extremely vulnerable areas, namely, I and J. Moreover, some moderately fragile 2nd grade areas are separated from the moderately fragile 1st grade areas at the Class II WRR scale, such as D and F.
One of the main reasons for water resource vulnerability is the deficit of water supply in different WRRs. As shown in UHR, low use-to-availability indicates conditions of more sufficient water supply and low water shortage; thus, water resource vulnerability is lower than the others. At the Class II WRR scale, the water supply pressure (water consumption/water resources quantity) is highest in the LHR, that of MHR is lower than that of YSSR, and that of UHR is the lowest ( Figure 5 , Table 1 ); hence, the vulnerability sequence of these Class III WRRs is the same as with the water supply pressure. At the Class III WRR scale, the mountain areas are distinguished from the plain areas; owing to the difference of runoff conditions and water consumption, the vulnerability differs between mountains and plains. As shown in Figure 5 , multiscale change is helpful in understanding the spatial differences. The solid line presents the use-to-availability of Class II WRRs, which differs from the use-to-availability of Class III WRRs. In the ideal situation, the bar is at the level of the solid line. If the solid line is higher than the column, the vulnerability of Class III WRRs is more serious than that of Class II WRRs. Similarly, when the solid line is lower than the column, the WRR is distinguished from the fragile grade at the Class II WRR scale. The units K, L, M, G, and E are lower than the solid line, so water resource vulnerabilities are lower than or equal to that of the Class II WRR scale.
the LHR, that of MHR is lower than that of YSSR, and that of UHR is the lowest ( Figure 5, Table 1) ; hence, the vulnerability sequence of these Class III WRRs is the same as with the water supply pressure. At the Class III WRR scale, the mountain areas are distinguished from the plain areas; owing to the difference of runoff conditions and water consumption, the vulnerability differs between mountains and plains. As shown in Figure 5 , multiscale change is helpful in understanding the spatial differences. The solid line presents the use-to-availability of Class II WRRs, which differs from the use-to-availability of Class III WRRs. In the ideal situation, the bar is at the level of the solid line. If the solid line is higher than the column, the vulnerability of Class III WRRs is more serious than that of Class II WRRs. Similarly, when the solid line is lower than the column, the WRR is distinguished from the fragile grade at the Class II WRR scale. The units K, L, M, G, and E are lower than the solid line, so water resource vulnerabilities are lower than or equal to that of the Class II WRR scale.
(a) (b) the LHR, that of MHR is lower than that of YSSR, and that of UHR is the lowest ( Figure 5 , Table 1 ); hence, the vulnerability sequence of these Class III WRRs is the same as with the water supply pressure. At the Class III WRR scale, the mountain areas are distinguished from the plain areas; owing to the difference of runoff conditions and water consumption, the vulnerability differs between mountains and plains. As shown in Figure 5 , multiscale change is helpful in understanding the spatial differences. The solid line presents the use-to-availability of Class II WRRs, which differs from the use-to-availability of Class III WRRs. In the ideal situation, the bar is at the level of the solid line. If the solid line is higher than the column, the vulnerability of Class III WRRs is more serious than that of Class II WRRs. Similarly, when the solid line is lower than the column, the WRR is distinguished from the fragile grade at the Class II WRR scale. The units K, L, M, G, and E are lower than the solid line, so water resource vulnerabilities are lower than or equal to that of the Class II WRR scale.
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Spatial Differences of Water Resource Vulnerability at the Province-Class II WRR Scale
Assessment results of the water resource vulnerability at the Province-Class II WRR scale are shown in Figure 6 . Five of all the vulnerability classes from the weakly fragile to strongly fragile, are shown in this figure. The unit with the highest vulnerability grade at the scale of Province-Class II WRR is the JS-LHR. The AN-LHR unit is in the moderately fragile 1st grade, but the LHR is in the moderately fragile 3rd grade class at the Class II WRR scale. The total number of vulnerability classes at the Province-Class II WRR scale is one more than that of the Class II WRR scale, but the same as that of the Class III WRR scale (Figure 4b 
Assessment results of the water resource vulnerability at the Province-Class II WRR scale are shown in Figure 6 . Five of all the vulnerability classes from the weakly fragile to strongly fragile, are shown in this figure. The unit with the highest vulnerability grade at the scale of Province-Class II WRR is the JS-LHR. The AN-LHR unit is in the moderately fragile 1st grade, but the LHR is in the moderately fragile 3rd grade class at the Class II WRR scale. The total number of vulnerability classes at the Province-Class II WRR scale is one more than that of the Class II WRR scale, but the same as that of the Class III WRR scale (Figure 4b ). The spatial distribution of the vulnerability in a provincial administrative region is shown in Figure 6 . As can be seen, in HN, the vulnerability in YSSR is more serious than that in MHR, which in turn, is more vulnerable than that in UHR. The vulnerability distribution at the Province-Class II WRR scale in AH is in accordance with what is shown at the Class II WRR scale but a little different from that shown at the scale of Class III WRR. The vulnerability of HN-YSSR region is extremely fragile at the Class III WRR scale but moderately fragile 3rd grade at the scale of Province-Class II WRR. In JS, the vulnerability is sorted by grade in the following descending order: YSSR ≤ MHR < LHR. As shown in the results above, the spatial distribution of water resource vulnerability at the Province-Class II WRR scale is significantly different from that at the Class II WRR scale. This difference can be attributed to the changes of water resources quantity and consumption demand in the new units at the Province-Class II WRR scale ( Figure 6 ). By downscaling the scales, the covered information at the Class II WRR scale is presented at the Province-Class II WRR scale. Additionally, we can easily observe the following: JS is the most fragile area in the Huai River Basin, vulnerability in SD is higher than that in AH, which is higher than that in HN; vulnerability in HB is the lowest.
Spatial Differences in Water Resource Vulnerabilities at the Municipality-Class III WRR Scale
The vulnerability of a total of 76 units at the Municipality-Class III WRR scale is assessed, and the results are shown in Figure 7 . Compared with other scales, additional information is revealed at The spatial distribution of the vulnerability in a provincial administrative region is shown in Figure 6 . As can be seen, in HN, the vulnerability in YSSR is more serious than that in MHR, which in turn, is more vulnerable than that in UHR. The vulnerability distribution at the Province-Class II WRR scale in AH is in accordance with what is shown at the Class II WRR scale but a little different from that shown at the scale of Class III WRR. The vulnerability of HN-YSSR region is extremely fragile at the Class III WRR scale but moderately fragile 3rd grade at the scale of Province-Class II WRR. In JS, the vulnerability is sorted by grade in the following descending order: YSSR ≤ MHR < LHR. As shown in the results above, the spatial distribution of water resource vulnerability at the Province-Class II WRR scale is significantly different from that at the Class II WRR scale. This difference can be attributed to the changes of water resources quantity and consumption demand in the new units at the Province-Class II WRR scale ( Figure 6 ). By downscaling the scales, the covered information at the Class II WRR scale is presented at the Province-Class II WRR scale. Additionally, we can easily observe the following: JS is the most fragile area in the Huai River Basin, vulnerability in SD is higher than that in AH, which is higher than that in HN; vulnerability in HB is the lowest.
The vulnerability of a total of 76 units at the Municipality-Class III WRR scale is assessed, and the results are shown in Figure 7 . Compared with other scales, additional information is revealed at the Municipality-Class III WRR scale. For example, some areas are weakly fragile but not shown at other scales above, such as units 10, 17, and 25. In addition, the areas that are in the extremely fragile grade include units 11, 30, 36, 45, 46, 48, 49, 52, 53, 54, 56, 59, and 61. The vulnerability assessment results show that the diversity of vulnerability grades is obvious at this scale; these results are closer to reality than those of other scales.
the Municipality-Class III WRR scale. For example, some areas are weakly fragile but not shown at other scales above, such as units 10, 17, and 25. In addition, the areas that are in the extremely fragile grade include units 11, 30, 36, 45, 46, 48, 49, 52, 53, 54, 56, 59 , and 61. The vulnerability assessment results show that the diversity of vulnerability grades is obvious at this scale; these results are closer to reality than those of other scales. Among the total of 76 units at the Municipality-Class III WRR scale, 36 assessment units face less vulnerable situations at the Class III WRR scale, and 34 units are more vulnerable than those at the Province-Class II WRR scale. Given that the water consumption rates and water resource supply quantity vary at different scales, the vulnerability demonstrates more diversity across the scales. The differences can be attributed to variations in water consumption and water resource supply, which depend on many factors, such as diverse historical, social, economic, political, cultural, and environmental conditions. Among the total of 76 units at the Municipality-Class III WRR scale, 36 assessment units face less vulnerable situations at the Class III WRR scale, and 34 units are more vulnerable than those at the Province-Class II WRR scale. Given that the water consumption rates and water resource supply quantity vary at different scales, the vulnerability demonstrates more diversity across the scales. The differences can be attributed to variations in water consumption and water resource supply, which depend on many factors, such as diverse historical, social, economic, political, cultural, and environmental conditions.
Using vulnerability maps shown in Figures 4 and 6 , a basin institute authority or a county officer, can easily design a water management framework; however, implementing water resource management measures could still be difficult. Given that a more precise or comprehensive vulnerability map is needed at a tiny scale, the vulnerability digital map (shown in Figure 7 ) is a useful and necessary tool for carrying out water management.
Heterogeneity Quantification of Water Resource Vulnerability
From the digital maps shown in Figures 4, 6 and 7, spatial differences at the scales can be intuitively reflected. However, the maps just provide a way to help managers gain an intuitive grasp of heterogeneity; the scientific assessment still requires quantitative assessment methods and results. Hence, this paper employed the Theil index and the Shannon-Weaver index to improve the heterogeneity quantification. Then, the heterogeneity of water resource vulnerability among multiple scales was measured by using the Theil index and the Shannon-Weaver index (Table 3) . From the results, we find that the Theil index decreases successively with downscaling, as in Class II WRR, Class III WRR, and Municipality-Class III WRR scales, or in Class II WRR, Province-Class II WRR, and Municipality-Class III WRR scales. This trend suggests that an increasing coarse scale leads to decreasing heterogeneity of vulnerability. The diversity of each vulnerability assessment across different scales is measured by using the Shannon-Weaver index. As the digital maps show, the diversity of vulnerability is highest at the Municipality-Class III WRR scale and lowest at the Class II WRR scale. This is demonstrated from the value of the Shannon-Weaver index. At the Class II WRR, Class III WRR, and Municipality-Class III WRR scales, a relationship exists wherein scale downscales in a regular sequence; as the scales downscale, the diversity of vulnerability increases successively.
Meanwhile, the spatial heterogeneities are measured by using the Shannon-Weaver index, and the results are similar to those obtained when measuring via the Theil index. As the scales downscale, the diversity of vulnerability increases while the Shannon-Weaver index increases. This is not a contradiction because a greater diversity indicates a more stable system; moreover, the lower the value of the Theil index, the lower the span in the vulnerability. For a water guarantee system, more diversity and a lower Theil index means more choice to guarantee water supply security. Additionally, the results of the current study are consistent with those of a former study [13] , which states that the heterogeneity of water resource vulnerability across multiple scales varies and that the diversity increases on decreasing the scale, and vice versa.
Discussion
Deductive Presentation of How the RESC Model Works
The approaches employed in the assessment of water resource vulnerability are mainly classified into three categories (see Section 1). The RESC model proposed in this manuscript is a revised approach based on the third type. From the results of vulnerability assessment in the Huai River Basin, we can state that the proposed approach is more suitable for an assessment under complicated conditions than the previous method presented in Xia's study [13] . Especially, this model can assess the vulnerability along with water balance, water pollution, water scarcity risk, etc.
As a revised method, the proposed approach features the following changes compared with the previous method [13] : (1) This approach combines water criterion compliance rate, disaster risk, together with society and economy exposure, as a novel approach to vulnerability assessment; (2) Instead of per capital water resource quantity, this approach revises the vulnerability assessment model in Xia and Chen's study with per capita available water resources, which is a more scientific variable that it relates with the ecological water demand for the ecological system and the criterion compliance rate; (3) No universally accepted concept for exposure exists as it relates to persons, outside pressure to the system of human beings, and economy assets [7] . Under exposed conditions, the levels and types of adverse impacts are the result of a physical event (or events) interacting with socially constructed conditions denoted as vulnerabilities. Economic events, including insured, disaster losses associated with weather, climate, and geophysical events are higher in developed countries. Meanwhile, fatality rates and economic losses expressed as a proportion of gross domestic product (GDP), are higher in developing countries [7] . Therefore, accurately explaining and expressing exposure (Equation (9)), combined with people (P h ), GDP, and the area (A) suffering from the drought damage (DI) is meaningful.
Xia and Chen [13] proposed a method for water vulnerability evaluation as a function of sensitivity to climate change and the adaptation of a water resource system. However, this approach does not recognize the effect of disaster risk and exposure of persons and economical assets; thus it cannot accurately evaluate the vulnerability in the Huai River as shown in Figure 8a . In comparison, Figure 8b clearly presents the grade change of vulnerability assessed by the RESC model compared with the vulnerability results with the method of Xia and Chen. We can see that the vulnerabilities shown in Figure 7 are universally more diverse than those in Figure 8a . First, this finding is in accordance with the water balance, water guarantee condition, exposure, and drought risk of the Huai River. Several previous studies have found that the northern plain regions of the HRB, and especially the Hongruhe, Shayinghe, and Wohe, have the most severe forms of water pollution [32] . These regions have high populations, and high levels of industrial activities (e.g., mining of sulfate and chloride minerals), and abundant runoff from such agricultural activities. Additionally, the middle and lower reaches of most rivers have fragile or even unstable aquatic ecosystems [32] . The serious water pollution and the intensive human activities increase water resource vulnerability in this area (Figure 8b) . Second, the highest water pollution in the upper Shayinghe, lower Yinghe, and, upper Honghe increases vulnerability by two grades (Figure 8b) . Similarly, the lower water criterion compliance rate, high disaster risk, and society and economy exposure also increase vulnerability by 1-2 grades, especially along the lower main branches of the Huai River, such as the lower Shahe, Honghe, Wohe, Xinyihe, and Shuhe. Finally, the vulnerability mainly changes by zero grade in the extremely fragile areas, such as the Lower reaches of the Huai River as well as the areas of the southern four lakes in the Taian and Jining Municipalities. (2) Instead of per capital water resource quantity, this approach revises the vulnerability assessment model in Xia and Chen's study with per capita available water resources, which is a more scientific variable that it relates with the ecological water demand for the ecological system and the criterion compliance rate; (3) No universally accepted concept for exposure exists as it relates to persons, outside pressure to the system of human beings, and economy assets [7] . Under exposed conditions, the levels and types of adverse impacts are the result of a physical event (or events) interacting with socially constructed conditions denoted as vulnerabilities. Economic events, including insured, disaster losses associated with weather, climate, and geophysical events are higher in developed countries. Meanwhile, fatality rates and economic losses expressed as a proportion of gross domestic product (GDP), are higher in developing countries [7] . Therefore, accurately explaining and expressing exposure (Equation (9)), combined with people (Ph), GDP, and the area (A) suffering from the drought damage (DI) is meaningful. Xia and Chen [13] proposed a method for water vulnerability evaluation as a function of sensitivity to climate change and the adaptation of a water resource system. However, this approach does not recognize the effect of disaster risk and exposure of persons and economical assets; thus it cannot accurately evaluate the vulnerability in the Huai River as shown in Figure 8a . In comparison, Figure 8b clearly presents the grade change of vulnerability assessed by the RESC model compared with the vulnerability results with the method of Xia and Chen. We can see that the vulnerabilities shown in Figure 7 are universally more diverse than those in Figure 8a . First, this finding is in accordance with the water balance, water guarantee condition, exposure, and drought risk of the Huai River. Several previous studies have found that the northern plain regions of the HRB, and especially the Hongruhe, Shayinghe, and Wohe, have the most severe forms of water pollution [32] . These regions have high populations, and high levels of industrial activities (e.g., mining of sulfate and chloride minerals), and abundant runoff from such agricultural activities. Additionally, the middle and lower reaches of most rivers have fragile or even unstable aquatic ecosystems [32] . The serious water pollution and the intensive human activities increase water resource vulnerability in this area (Figure 8b) . Second, the highest water pollution in the upper Shayinghe, lower Yinghe, and, upper Honghe increases vulnerability by two grades (Figure 8b) . Similarly, the lower water criterion compliance rate, high disaster risk, and society and economy exposure also increase vulnerability by 1-2 grades, especially along the lower main branches of the Huai River, such as the lower Shahe, Honghe, Wohe, Xinyihe, and Shuhe. Finally, the vulnerability mainly changes by zero grade in the extremely fragile areas, such as the Lower reaches of the Huai River as well as the areas of the southern four lakes in the Taian and Jining Municipalities. 
Heterogeneity Signifies the Diversity of Water Resource Vulnerability and Demonstrates Potential for Application in the Relevant Authority Departments
Can the characteristics of water resource vulnerability be covered on a coarse scale? The answer is clear in this research as demonstrated by the generated vulnerability maps in the four scales. Similarly, a previous study [13] presents a common conclusion which is that the diversity of vulnerability increases successively with downscaling and more information is uncovered with downscaling. Furthermore, the greater the diversity of vulnerability, the more homogeneous the vulnerability distribution becomes. This is helpful in presenting the actual water resource vulnerability and heterogeneity with downscaling scales assessment. However, it may be insufficient in assessing the vulnerability in a very tiny scale as the data are difficult to collect, and increasing workload is associated with reduced efficiency.
The water resources management authority (WRMA) can be classified into administrative regional institutes and water resources regional institutes. The functions and legal statuses of basin commissions and administrative institutes are defined by China's Water Law [22] . Different institutes require different scale results; thus a single-scale vulnerability assessment result, e.g., Class II WRR, is not adequate for water management. These basin commissions especially are given greater authority in the allocation and centralized control of all diversion projects [23] , yet they lack the ability to control water utilization based on political boundaries [25] . Thus, one important task is to collect sufficient data to assess the vulnerability across Class II, Class III, Province-Class II, and Municipality-Class III WRR scales and other scales. This work can also serve as the basis of water resource management and future scientific studies. Either from the authority implementation or from special geographical stations with water supply ability, performing multiscale vulnerability assessment is necessary and must be based on political boundaries and watersheds.
An Appropriate Scale Depending on the Objectives and Water Resource Districts
From the results of the water resource vulnerability assessment, the vulnerability is scale-dependent especially for a river system. Spatial scales indicate different predictions as reported in a previous research [33] . In the current study, the research scale was selected from the observation scale; thus, the research scale or observational scale can be discussed [20] . However, there are not enough collected data for the entire process study which may underestimate the result as the observation scale is larger than the process scale [9] . For some variables, such as distance and areas, they are based on locations; and thus show obvious scale-dependent characters. On the contrary, some variables maintain a certain value or show a non-constant change extent with scaling.
Generally, multiscale vulnerability assessment can uncover the fine-scale measures and coarse-scale representations of vulnerability, from which the vulnerability results can be extrapolated at a few administration areas or institutions. Moreover, the results can be conducted to a more general set of conditions in water resource planning, allocation, drought prediction, etc. Here, the spatially heterogeneous processes acting at multiple scales are addressed. We find that adding fine-scale assessments, such as the Class III WRR, Province-Class II WRR, Municipality-Class III WRR scales into a broad-scale correlative framework is the best option. In many systems, this can improve predictive power and result in stronger generalities [18] .
What comprises an "appropriate" scale depends partly on the purpose for which it is used. Ecologists probe the relationship between resources and consumers, but differences in their objectives lead them to focus their investigations at different scales [19] . Different scales are required to study the changes of variables in multiple scales; however, the scales chosen for analysis are still arbitrary and tend to reflect hierarchies of spatial scales based on our own perceptions of nature. Hence, we need non-arbitrary and operational ways of defining and detecting scales [33] .
In this study, we presented four main scales each of which is appropriate for a specific purpose or administration department (Figure 9 ). Class II WRRs are commonly used by basin commissions for water resource assessment and hydrologic forecasting. Then, Class III WRRs are used in inner-province areas and specific basins; it is important for conducting water resource planning, allocation, as well as drought forecasting for a basin committee and a certain province. The Province-Class II WRRs are typically used in the water resource allocation for different provinces, drought forecasting, and water resources planning. Finally, the Municipality-Class III WRRs are the basis of water resources planning and allocation schemes for counties, and irrigation districts as well as their respective water intake areas. WRRs are typically used in the water resource allocation for different provinces, drought forecasting, and water resources planning. Finally, the Municipality-Class III WRRs are the basis of water resources planning and allocation schemes for counties, and irrigation districts as well as their respective water intake areas. 
Uncertainty Analysis
This study addresses issues on the scale effects of water resource vulnerability. However, some uncertainties exist, such as the climate change influence, the lack of water resource statistics, rationality of indicators applied to the cross-scale assessment [34] etc. Thus, the effects of climate change on water resources and the RESC model validation must be addressed in future studies.
The combined parameters and the data for each scale result in the data collection and applications problems of the RESC model. The combined parameters in this approach, such as adaptation ability, exposure, sensitivity, and risk, are not accurate and not universally accepted for vulnerability assessment. Each parameter can be treated as a research topic in future works. Hence, we can say that this manuscript is a scientific attempt from a complicated and integrated scope angle. The complicated data requirement for the RESC model restrains the immediate application of this method. As stated in the introduction, the data for the RESC contain the raw data, such as water quantity, water intake, water consumption, temperature, precipitation, population number, etc. Additionally, many derived data, such as disaster risk, water criterion compliance rate, as well as society and economy exposure, are very difficult to collect. The raw data and derived data acrossscales are difficult to collect, resulting in some problems in the application of the RESC model. Different characters and physical mathematic modeling may be shown in different target basins. This paper has many differences compared with Xia's study [13] , such as the difference in modeling (Equations (1), (2) and (7)- (9)). For other geographies, if the RESC model is employed, a new relationship between runoff, temperature, precipitation, evaporation, and other parameters must be modeled and used in the RESC model instead of Equations (3)- (5) . From the scope of vulnerability results, the vulnerability assessment of the Huai River is a novel work that demonstrates rare crossscale comparisons. Hence, this cross-scale vulnerability assessment is required in assessing other geographical forms. WRRs are typically used in the water resource allocation for different provinces, drought forecasting, and water resources planning. Finally, the Municipality-Class III WRRs are the basis of water resources planning and allocation schemes for counties, and irrigation districts as well as their respective water intake areas. 
The combined parameters and the data for each scale result in the data collection and applications problems of the RESC model. The combined parameters in this approach, such as adaptation ability, exposure, sensitivity, and risk, are not accurate and not universally accepted for vulnerability assessment. Each parameter can be treated as a research topic in future works. Hence, we can say that this manuscript is a scientific attempt from a complicated and integrated scope angle. The complicated data requirement for the RESC model restrains the immediate application of this method. As stated in the introduction, the data for the RESC contain the raw data, such as water quantity, water intake, water consumption, temperature, precipitation, population number, etc. Additionally, many derived data, such as disaster risk, water criterion compliance rate, as well as society and economy exposure, are very difficult to collect. The raw data and derived data acrossscales are difficult to collect, resulting in some problems in the application of the RESC model. Different characters and physical mathematic modeling may be shown in different target basins. This paper has many differences compared with Xia's study [13] , such as the difference in modeling (Equations (1), (2) and (7)- (9)). For other geographies, if the RESC model is employed, a new relationship between runoff, temperature, precipitation, evaporation, and other parameters must be modeled and used in the RESC model instead of Equations (3)- (5) . From the scope of vulnerability results, the vulnerability assessment of the Huai River is a novel work that demonstrates rare crossscale comparisons. Hence, this cross-scale vulnerability assessment is required in assessing other geographical forms.
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The combined parameters and the data for each scale result in the data collection and applications problems of the RESC model. The combined parameters in this approach, such as adaptation ability, exposure, sensitivity, and risk, are not accurate and not universally accepted for vulnerability assessment. Each parameter can be treated as a research topic in future works. Hence, we can say that this manuscript is a scientific attempt from a complicated and integrated scope angle. The complicated data requirement for the RESC model restrains the immediate application of this method. As stated in the introduction, the data for the RESC contain the raw data, such as water quantity, water intake, water consumption, temperature, precipitation, population number, etc. Additionally, many derived data, such as disaster risk, water criterion compliance rate, as well as society and economy exposure, are very difficult to collect. The raw data and derived data across-scales are difficult to collect, resulting in some problems in the application of the RESC model. Different characters and physical mathematic modeling may be shown in different target basins. This paper has many differences compared with Xia's study [13] , such as the difference in modeling (Equations (1), (2) and (7)- (9)). For other geographies, if the RESC model is employed, a new relationship between runoff, temperature, precipitation, evaporation, and other parameters must be modeled and used in the RESC model instead of Equations (3)- (5) . From the scope of vulnerability results, the vulnerability assessment of the Huai River is a novel work that demonstrates rare cross-scale comparisons. Hence, this cross-scale vulnerability assessment is required in assessing other geographical forms.
In future studies, cross-scale assessments of changing vulnerability, and the complexity of the dynamics from the ensuing interactions must be comprehensively investigated. Some new topics for the cross scale vulnerability assessment have emerged, including the process of deciding on an appropriate scale for water resource management, evaluating the effect of objectives and water resource district on vulnerability, assessing the gaps with regard to data and scaling in the region, and how the outcomes of these analyses could be employed considering the cross-scale vulnerability assessment and the political framework, etc. As more (and better) data become available, advances in study design and methods must be made so as to gain knowledge of the finer nuances in vulnerability assessments.
Conclusions
Water resource vulnerability was assessed in this study by using the RESC model, and its heterogeneity was measured by using the Shannon-Weaver index and the Theil index at the Class II WRR, Class III WRR, Province-Class II WRR, and Municipality-Class III WRR scales.
Water resource vulnerability in the Huai River Basin weakens from east to west, and LHR is the most vulnerable area. The vulnerability of YSSR is also higher than that of the MHR Basin, which in turn is higher than that of UHR. Furthermore, the vulnerabilities vary across different scales; with scales downscaling the diversity of vulnerability increases successively, such as the diversity of vulnerability enhancing gradually in the Class II WRR, Class III WRR, and Municipality-Class III WRR scales. With scales downscaling, the increasing Shannon-Weaver Index indicates that, as the diversity of vulnerabilities increases, the more homogeneous the vulnerability distribution becomes. By contrast, the decreasing Theil index shows the greater number of vulnerability grades in different sub-areas. Downscaling is a good way to present the actual water resource vulnerability and heterogeneity in the Huai River Basin. Additionally, we determined that an appropriate scale depends on the objectives and the water resource districts that will use such a scale.
The assessment results of cross-scales vulnerability and its heterogeneity in the Huai River Basin are innovatively provided in this paper. Although some limits and uncertainties exist in terms of the methods and the results, the results will play an important role in characterizing the spatial patterns of water resource vulnerability and improving water resource management. 
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